The thermal and gate-voltage dependencies for the capture and emission times of random telegraph signals have been theoretically analyzed in a Si-SiO 2 interface. A quasi-two-dimensional treatment of the interaction between a neutral near-interface oxide trap and an electron in the subband of the inversion layer has been developed to obtain expressions for the capture and emission times where the influence of the trap parameters ͑energy depth, distance to the interface, and electron-phonon coupling factor͒ is clearly shown. This analysis combines multiphonon-emission theory, tunnel transition probability and the electrostatic Coulomb barrier effect, allowing us to reproduce experimental data for traps in different devices, temperatures, and bias conditions. As a result, trap distances to the interface, trap energy levels, and electron-phonon couplings have been calculated. The character of single electron transitions in this process let us show that the ground and first excited subbands, with similar capture and emission times, are the most important contributors to the phenomenon. ͓S0163-1829͑97͒07039-2͔
I. INTRODUCTION
Random telegraph signals ͑RTS's͒ generated through the fluctuating occupancy of individual traps have been extensively studied in small area metal-oxide-semiconductor transistors ͑MOST's͒ for a great variety of gate bias and temperature conditions. [1] [2] [3] [4] [5] The importance of explaining this phenomenon is twofold. First, it provides a unique probe into the trapping dynamics of single defects. Second, 1/f noise in MOST's is supposed to arise from the RTS superposition. [1] [2] [3] 6 In spite of being amply studied, the two main aspects of RTS analysis are not yet fully understood: its amplitude and the capture and emission times of the signal. In this paper, we have theoretically analyzed the second aspect: the capture and emission times and their dependencies on gate bias, temperature, and trap properties for a neutral oxide trap.
Experimental results about the thermal behavior of these times 1, [6] [7] [8] [9] clearly show that the trapping and release of a conduction electron at a near-interface oxide trap cannot be treated as a simple elastic tunnel process. This conclusion has also been suggested by capacitance-voltage data in metal-oxide-semiconductor ͑MOS͒ structures where evidence of trap relaxation processes has been observed. 10 In fact, the thermally activated behavior of the capture and emission times has been attributed to the multiphonon emission process. 6, 9 In previous reports, the main results include the use of an asymptotic expression of the multiphonon capture cross section, c ϭ 0 exp(ϪE B /kT), which is only valid at high temperatures. 11, 12 In this expression, E B is the capture activation energy ͑see Fig. 1͒ , k the Boltzmann constant, and T the absolute temperature. 0 includes information about the tunnel interaction between the channel and the trap and gatevoltage dependence of the transition. In another report, at the limit of zero temperature, the multiphonon emission model has been applied to this process, showing the high degree of trap coupling near the Si-SiO 2 interface. 13 However, although advances made in this field have been quite significant, until now no clear relationship between the macroscopic measured time constants and the microscopic magnitudes associated to this transition has been established. In our opinion, a complete calculation of the transition times based on the relationship between trap properties ͑energy level, electron-phonon coupling factor, and distance to the interface͒ and environment conditions ͑temperature, gate bias, and bulk doping͒ is lacking. In that respect, a method taking quantum principles into account would be the most appropriate.
We therefore present a detailed quantum calculation of the transition probabilities between a neutral trap level inside the gate oxide and a channel state in the multiphonon emis- sion approach. The contribution of the Coulomb energy 14, 15 has also been included. This calculation has been made by assuming wave-function models for the trap and channel states in order to calculate the transition matrix element similarly as for trapping in bulk. However, given the twodimensional behavior of electrons in the inversion layer, 16 capture has been taken into account from subbands in the semiconductor conduction band. With a numerical simulation of the MOS structure, the envelope wave function and energy minimum for each subband, Coulomb energy, and surface potential are available for different gate voltages, temperatures, and technological parameters ͑i.e., oxide thickness and bulk profile͒. All this information will be used to explain the capture and emission times observed in RTS's. We will clearly show that thermal behavior is mainly caused by the multiphonon process, and gate-voltage dependencies of these time constants are perfectly reproduced considering the microscopic parameters associated to the system. Therefore, both a quasi-two-dimensional treatment of the process and a complete calculation of the capture and emission times are the main contributions of this paper. In addition, comparing these results with experimental data provides information about the traps. Although the result obtained in this work is general, we focus on gate dependence and therefore, will assume very low drain voltages. A uniform channel has also been considered throughout this work.
The paper is organized as follows. The multiphonon theory basis for the calculation of the capture rate is in Sec. II. In Sec. III the transition matrix element is calculated according to the initial and final states, pointing out the differences with the traditional bulk capture calculation. In Sec. IV the Coulomb energy calculation is indicated from a quasitwo-dimensional point of view. Once the capture rate from one subband is obtained, the total capture and emission rates are calculated, the latter according to the balance principle. The next step, in Sec. VI, resides in comparing and discussing our results with experimental data, showing a very good fitting. Finally, the main conclusions are detailed in Sec. VII.
II. APPLICATION OF MULTIPHONON-EMISSION MODEL
In the capture and emission processes between a nearinterface oxide trap and the inversion layer, we assume the following mechanisms: a tunnel transition assisted by a multiphonon emission or absorption given by the energy difference between the initial and final states, and the electrostatic Coulomb barrier effect, all resulting in an inelastic tunneling transition.
Therefore, total capture probability W c can be expressed by the product of the multiphonon rate W mp and the Coulomb barrier effect,
where ⌬E is the Coulomb energy. The first step is to apply the multiphonon emission model to the electron transition between a trap site and a channel state, in order to calculate W mp . Basically, this type of capture is assisted by the simultaneous emission of several phonons, in contrast with the single-phonon intraband scattering. In Fig. 1 the energy representation of an impurity level in the band gap of a semiconductor is shown. In the upper part of the figure the usual electronic energy diagram is represented, E C ϪE T being the energy depth measured by emission transients. Moreover, including the vibrational energy caused by the electron-lattice interaction the totalenergy representation is also plotted ͑bottom of Fig. 1͒ . In this figure both the capture activation energy E B and the relaxation energy ͑S phonons of energy ប͒ involved in capture process 12 are clearly shown. Thus, more energy than E T is involved in this phenomenon, and this fact plays an important role in the thermal dependence of the capture process according to the multiphonon model.
The main quantum-mechanic multiphonon-rate expressions 11, 12, 17, 18 have the same thermal dependence ͑each within its valid temperature range͒ and almost the same quantitative results. In addition, it has been shown that adiabatic and static approaches for the problem give the same final result. 19 We have taken the approximate multiphonon probability calculated by Zheng, Tan, and Ng. 18 That expression, until now used only for the capture process by bulk traps, has been extended to this situation in which the interaction between a trap state and electrons in different subbands of the inversion layer is being analyzed. That is why, we have separated the electron energy into its potential and kinetic ͑parallel to the interface͒ components to calculate the number of phonons involved in the transition. Multiphonon probabilities for each subband have also been considered for consistency with the single-electron character of the transition. Therefore, in the single-energy phonon approximation, the nonradiative multiphonon transition rate between a state in the ith subband and a trap state W mp i can be approximately calculated from
where p i is the number of emitted phonons of energy ប in the transition from the ith subband, n is the phonon occupation factor, E T i ϭE i ϪE T is the energy difference between the ith subband minimum E i and the trap level E T . Here we have only added the parallel energy corresponding to the thermal energy of a two-dimensional gas, E ʈ ϭkT, without including any contribution caused by the longitudinal electric field. ͉V͉ 2 and S are the transition matrix element and the Huang-Rhys factor which characterize the interaction,
where b and f refer to the bound ͑trap͒ and free ͑channel͒ states, respectively, and U is the potential for the electronphonon coupling. Equation ͑2͒ has to be evaluated for each subband; however, as we will show later, in most practical cases only the ground and the first excited subbands contribute significantly to the total capture rate. Only the energy E T i and the freestate wave function are different in each subband, so the number of emitted phonons p i and the transition matrix element ͉V͉ 2 will both vary. In Fig. 2 a schematic representation of the band diagram near the Si-SiO 2 interface is plotted showing the important magnitudes for this study: subband minima E 0 and E 1 , Fermi level E F , and the trap level in the oxide E T . The differences of the energies defined above are also shown.
Once the general equations for the calculation of the capture rate have been established, models to approximate the bound and free wave functions are required as well as the potential for the electron-phonon coupling. As we are considering a neutral trap before capturing an electron from the inversion layer, the trap model will represent a neutral bound state.
III. CAPTURE RATE MATRIX ELEMENTS AND PARAMETERS
Let x, y, and z be the rectangular coordinates, where z is the direction normal to the Si-SiO 2 interface. For our calculations, we have taken zϭ0 just at the interface and positive values for z in the oxide, as indicated in Fig. 3 . Let us also consider d as the trap distance to the interface. Thus, z is the direction where the overlapping between the bound and free states is important. We have assumed the following models for the implied states.
A. Neutral trap wave-function model
Traditionally, two models are combined to approximate a trap wave function. One is defined by a solid sphere or box that very simply simulates the trap core effects. This model is considered valid for very short distances to the trap. 20 The other model, called the ␦-function model, 21 is an approximation for distances far from the trap site. The latter model has usually been used to represent the trap wave function in bulk capture since, when trap atoms are far enough away from each other, most of the electrons are far from the trap site, and the core effects in the interaction can be neglected.
In the capture by a near-interface oxide trap, a different situation from bulk capture occurs. Taking into account the short distance d between the interface and the defect state in the oxide ͑typically less than 2 nm͒, the core effects in the interaction can become dominant in the interaction. Consequently, we have considered a solid-cube wave function as in Ref. 12 for the defect of a side length z T , and with a volume
Due to the lack of information on the trap properties, such as the trap potential, the estimation of this radius becomes a very difficult task. If the radius is calculated as trap is in the oxide bulk, experimental capture and emission times cannot be reproduced. In fact, it is reasonable to assume that this does happen, since Si can influence the effective trap volume due to its position. Moreover, it is also possible that the trap potential locally modifies the Si-SiO 2 barrier. For these reasons, we have introduced an empirical expression for this radius: the arithmetic mean between the radii obtained for trap in bulk oxide and in bulk silicon,
where m ox * and m Si * are the carrier effective mass in the oxide and in Si, respectively, E Cox is the SiO 2 conduction-band minimum, and E T 0 the energy difference between the ground subband edge and the trap level. Thus, the wave-function model is
Schematic representation of the energy levels involved in the interaction between a near-interface oxide trap and the inversion-layer electrons in the Si-SiO 2 interface. E 0 and E 1 are the ground and first excited subband minima, respectively, E F is the Fermi level, E c the conduction-band minimum at the interface. The trap level in the oxide is also shown. 
B. Channel wave-function model
The free state in the ith subband can be represented by the normalized function:
where i (z) is the normalized envelope function in the direction normal to the interface of the ith subband and A is the channel area.
C. Electron-phonon coupling potential
For the electron-phonon coupling, the potential form ͑po-lar or nonpolar͒ does not need to be detailed for this calculation since it will be included in the Huang-Rhys factor, S. However, in order to show the relationship of the matrix element with this factor, the simplest form of the potential has been used. Within the approximation given by Eq. ͑2͒ the S dependence in the final probability expression is the same whatever the potential. 12 With these assumptions and the previous models, the matrix elements can be evaluated according to Eq. ͑3͒.
Huang-Rhys factor S
where we have separated the calculation in the directions parallel and normal to the interface. D 0 is the electronphonon coupling constant and K S ϭD 0 /V T . Taking into account that I x ϭI y and that the maximum phonon module is 6
1/2 /a T , to perform the sums over the phonon modes we approximate by means of
The evaluation of Eq. ͑8͒ relies on the factor K S , which contains the unknown constant D 0 . The value of the HuangRhys factor S will be fixed when comparing our results with experimental data. Very few theoretical estimations are found in the literature on the S factor for this type of transitions and those reported give high values. 13 
Transition matrix element ͦVͦ 2
Analogously, to the calculation of the S factor, we have for each subband:
͑9͒
Therefore, according to Eq. ͑3͒,
where
. To eliminate some of the integrals in Eq. ͑10͒, the transition matrix element has to be expressed as a function of the S factor:
To study the contribution of the trap properties in the capture probability, a transformation of Eq. ͑11͒ is needed. To that end, an expression as a function of the real-space coordinates would be very useful. As a consequence, we have tried to relate the integrals of Eq. ͑11͒ with real-space functions. For usual values of d and z T , the results of this analysis gave us the following approximations, where it is important to highlight that the overlap integral between the initial and the final states has been recovered:
Therefore, Eq. ͑11͒ can be expressed for the ith subband by
As a result, the multiphonon emission probability of a carrier in the ith subband by the oxide trap, W mp i can be calculated from Eq. ͑2͒, using Eqs. ͑5͒ and ͑13͒:
As can be observed in Eq. ͑14͒, the Huang-Rhys factor S and the energy of phonons involved in the transition ប are the parameters that arise due to the use of the multiphonon emission model. In order to quantify the influence of the values of these parameters on the multiphonon probability versus temperature, we have carried out calculations for several values of the phonon energy centered on a typical value of 20 meV. 13 In Fig. 4 , temperature-dependent factors in Eq. ͑14͒ are represented for a typical situation of high-relaxation energy, Sបϭ1 eV, and an oxide-trap level near the Si conduction-band minimum, E C ϪE T ϭ0.1 eV. Keeping these conditions fixed, the phonon energy has been varied from 10 to 30 meV ͑with the proper value of S in each case͒. From this figure, it can be observed that the thermal behavior remains almost the same for the three cases, so within this interval it seems clear that this parameter is not critical in the multiphonon probability expression. Therefore, as in Ref. 13 we have hereafter taken the value of បϭ20 meV in all our calculations, obtaining S in the comparison with experimental data.
IV. COULOMB BARRIER
Once an expression for the multiphonon capture rate has been obtained, the Coulomb barrier effect must be included for a complete calculation of the capture rate. 14, 15 Briefly, when an electron is trapped at the Si-SiO 2 interface, electrostatic charges in the substrate, channel and gate are modified. This charge variation expends an energy called Coulomb energy ⌬E, which must be provided and which reduces the capture probability according to Eq. ͑1͒.
In this work, we have calculated the Coulomb energy considering the ground subband minimum in the inversion layer instead of the conduction-band edge. Thus,
where E 0 is the ground subband minimum, E FS and E FM are the Fermi levels in the semiconductor and in the gate metal, respectively, E V0 is the energy of the valence-band edge in the semiconductor substrate, and Q G , Q S , and Q ch the normalized image charges on the gate, substrate, and channel, respectively. These charges have been numerically calculated in the quantum resolution of the MOS structure. 22 Numerical results coincide with those given in Ref. 14, although we have here considered that Q ch must be raised to an energy of E 0 instead of the minimum of the conduction band to account for the subbands.
V. CALCULATION OF THE CAPTURE AND EMISSION TIMES
The next step in this calculation is to obtain the capture and emission times from the capture probability. Given the two-dimensional character of electrons in the inversion layer, we have defined ͑similarly as for the three-dimensional case͒ the capture coefficient per unit area or a surface capture rate for the ith subband, cЈ, as
In the three-dimensional calculation, the capture time can be calculated as the inverse of the capture coefficient times the carrier concentration. Therefore, in this case each subband contributes with its carrier concentration per unit area N i :
where n vi is the subband degeneration. Therefore, the mean capture time from the ith subband c i is given by
For the calculation of the emission time e i , accounting for the Coulomb energy, the detailed balance principle has been used with the degeneration ratio gϭ1, giving us
where E TF is the difference between the trap level and the Fermi level at the interface shown in Fig. 2 . Therefore, to calculate the capture and emission times of a system such as the one shown in Figs. 1 and 2 , it is necessary to evaluate Eqs. ͑18͒ and ͑19͒. To do so, a complete quantum resolution of the MOS structure has to be carried out in order to obtain the subband minima, the electron concentration per unit area, the envelope wave function for each subband, and the surface potential. Image charges must also be calculated. Such numerical calculations have been carried out by the self-consistent solution of the Poisson and Schrödinger equations in an n-channel MOS with the substrate orientation according to the experimental data availability. More details of the numerical simulation are available in Refs. 22 and 23.
From Eq. ͑18͒ the different aspects involved in this process can readily be identified: ͑i͒ The multiphonon contribution is clear in factor S and in the G(E T i ) function; ͑ii͒ the integral between brackets that determines the overlapping between the subband and the trap state involving the tunnel transition contribution; ͑iii͒ the Coulomb barrier effect in the negative exponential; and ͑iv͒ the electron surface concentration, N i .
The G(E T i ) function includes the main thermal dependence of the capture and emission times apart from the one contained in the Coulomb energy exponential. With regard to FIG. 4 . Thermal dependence of multiphonon probability ͑in arbitrary units͒ for a trap with E T ϭ0.1 eV and high electron-phonon coupling, Sបϭ1 eV, varying the Huang-Rhys factor S and the phonon energy ប. Curves were calculated with ͑1͒ Sϭ33 and បϭ30 meV, ͑2͒ Sϭ50 and បϭ20 meV, and ͑3͒ Sϭ100 and បϭ10 meV.
the gate-voltage dependence, this can be observed in the fact that, as the gate voltage increases, the envelope wave function penetrates deeper into the oxide, making the overlap with the trap wave function greater. Furthermore, the electron concentration in the inversion layer also increases. In addition, the Coulomb energy decreases at different rates depending on whether the device is in the operation region of weak or strong inversion. In consequence, when the gate voltage increases, the capture process is favored, and therefore, the capture time decreases. On the other hand, it is important to note that the numerical capture time does not obey the Shockley-Read-Hall statistics, since we have verified that this time is not simply inversely proportional to the subband population, but clearly shows a steeper slope. This fact has been observed experimentally as well.
14 Below we will show the relative contribution of each factor of Eqs. ͑18͒ and ͑19͒ to the total time.
As mentioned, the numerical solution of the MOS structure for different temperatures and gate voltages provides different values for N i , ⌬E, E TF , and E T i needed in these calculations. In the variation of the two latter magnitudes, the trap distance to the interface, d ͑Fig. 3͒, must be considered since the change of the potential in the oxide at a distance d induces a variation in the energy levels. These variations can be expressed as
where T ox is the oxide thickness, V g the gate-substrate voltage, E FS the Fermi energy at the interface, and S the surface potential. The first expression in Eq. ͑20͒ shows that the increase of the emission time with the gate voltage occurs as a consequence of the greater difference between the trap level and the surface Fermi level. As a consequence of this thorough study, it can be observed that the thermal and gate-bias dependencies of the times are distributed among the multiphonon emission mechanism, Coulomb energy, subband electron concentration, wave-function overlapping, and the variations in the energy differences in Eq. ͑20͒.
VI. COMPARISON WITH EXPERIMENTAL DATA AND DISCUSSION
In our numerical procedure, we introduce the trap level, E Cox ϪE T , and the trap distance to the interface, d, with the S factor remaining as the only free parameter. In the usual case of none of these three magnitudes being known, the double comparison with experimental capture and emission times versus temperature and gate voltage would provide enough information to fix the three parameters. The method of obtaining these parameters is the following: once the Coulomb energy values as a function of temperature and gate bias have been calculated, the distance to the interface is obtained from the comparison of the numerical and experimental slopes in the representation of the ratio time constants versus gate voltage. Then, the energy trap depth is derived by matching the experimental and numerical cross-points of the representations of capture and emission times against gate bias. Finally, the comparison of the numerical and experimental thermal dependencies fixes the Huang-Rhys factor. Therefore, when experimental thermal and gate-voltage dependencies are available, there is only one solution in the obtaining of the values of these parameters.
The results from our calculations have been compared with experimental data available in the literature for different samples and for different temperature and gate-bias conditions. Prior to the analysis of experimental data by our procedure, a detailed knowledge of the technological parameters of the MOS structure is necessary in order to introduce them in our simulator. That is why only cases where these parameters are available have been studied. Comparisons shown in the first part of this section only account for transition from and towards one subband in the inversion layer. At the end of this section, we will discuss the comparable contribution of the ground and first subband to the capture and emission times extracted from our numerical results and justify why only one subband is considered.
First, in Fig. 5 , our numerical calculations ͑lines͒ have been compared with experimental time constant ratios c / e at different gate voltages, 24 for two traps ͑symbols͒ in the oxide at room temperature. For the calculation, oxide thickness and substrate concentration were included in the simulator to obtain the necessary magnitudes to evaluate Eqs. ͑18͒ and ͑19͒ as a function of gate voltage. We have obtained the following trap parameters: RTS labeled as 1, d ϭ0.6 nm, E Cox ϪE T ϭ3.15 eV, Sបϭ2.2 eV; RTS labeled as 2, dϭ0.4 nm, E Cox ϪE T ϭ3.23 eV, Sបϭ2.0 eV.
In both cases, the thermal activation energy for the capture obtained by our results was approximately 0.52 eV, a value which is in good agreement with previously reported data. 6 The Coulomb energy calculated was between 168 meV at 1.4 V and 100 meV at 2 V in the gate. The introduction of the Coulomb energy and its dependence on gate voltage makes the distance d obtained different from other re- sults where this energy was not considered. As we will show throughout this work, the inclusion of the Coulomb energy is necessary to reproduce experimental data. Thus, distances can now be better estimated. A more complete comparison has been made with RTS data from Shi, Miéville, and Dutoit. 9 In contrast with the above data, in this case, sample fabrication process details provided very useful information for including an accurate substrate profile in the simulations. Capture and emission time data from trap 2 in Ref. 9 were analyzed. In Fig. 6 , comparisons for thermal dependencies are shown for both times, experimental with symbols ͑asterisks for capture times and squares for emission times͒ and our result with solid lines. Gate-voltage trends are reproduced in Fig. 7 , giving the following parameter values as a result of the two comparisons: dϭ0.7 nm, E Cox ϪE T ϭ3.11 eV, Sបϭ0.72 eV, and Coulomb energy from 57 to 54 meV decreasing with gate voltage. It is important to highlight that both good agreements have been obtained with the same trap parameters, which shows suitable modeling of the process. The high values of the relaxation energy, Sប, obtained with these kind of traps are coherent with results for neutral traps in the oxide bulk. 25 In addition, in Fig. 8 , a comparison between experimental data from Shulz 14 and our calculations are shown as a function of drain current at 293 K. Now, trap parameters obtained from this fitting are dϭ0.9 nm, E Cox ϪE T ϭ3.26 eV, and Sបϭ1.2 eV, resulting in an activation energy of 0.29 eV according to experimental data. The Coulomb energy varies from 0.23 to 0.12 eV within the current drain interval from 2 to 80 nA. In this case, we have related gate voltages to drain current through the same simulator adapted to calculate current-voltage characteristics for short-channel MOS transistors. 23 After comparisons with experimental data, our numerical procedure allows us to analyze in depth some interesting aspects of this process. First, we have studied the influence of the trap distance to the interface, d, in the time constants at different gate voltages. Obviously, the larger d is the lesser the overlap between trap state and channel envelope wave function. Thus, the integral of Eq. ͑18͒ is reduced and the capture and emission times increase. Moreover, this parameter influences the slopes of these times with gate voltage through the relations given in Eq. ͑20͒. Accordingly, if d increases these slopes also increase since the variation of the energy difference between states with gate voltages is more pronounced. Both considerations can be observed in 14 ͑squares for emission times and asterisk for capture times͒ compared with our numerical results ͑lines͒ at T ϭ293 K. An oxide thickness of 17 nm and a channel doping of 3ϫ10 17 cm Ϫ3 were included in the simulation. Drain current calculation was performed with a short-channel metal-oxidesemiconductor field-effect transistor simulator developed by our research group ͑Refs. 22 and 23͒. data. This fact can be clearly observed in Figs. 10 and 11 , where the behavior of the overlap integral ͑OI͒ times the ground subband population N 0 , and the exponential term including the Coulomb energy, both normalized, have been plotted as a function of gate voltage. In Fig. 10 the simulation data used correspond to trap 1 in Fig. 5 . In this case, the increase of the capture rate is more pronounced for the Coulomb contribution because, as we have verified by simulation, the sample is in weak inversion, where the Coulomb energy varies quickly with gate voltage. On the other hand, in Fig. 11 , where the data from Fig. 7 have been used, the contribution of the overlap integral and N 0 dominates due to the slow change of ⌬E with gate voltage in this region of operation. Therefore, all these contributions influence the capture time behavior with gate voltage and explain the different d values obtained in our fitting and other works.
We will now treat the subject of the contribution of the different subbands to the process. In previous sections of this work, our procedure has allowed us to calculate capture and emission times for each channel subband. It is generally accepted that the experimentally observed RTS is a transition of a single electron between a specific channel subband and a trap site. Thus, it would be wrong to average the transition rates from each subband as if a multiple particle process occurred. We have, therefore, dealt with individual transitions from each subband. The contributions of the ground and first subband to the RTS times are plotted in Figs. 12 and 13. The samples studied correspond to those represented in Figs. 7 and 8, respectively, but now the capture and emission times obtained for each subband are represented with the experimental data. Moreover, it is important to note that these calculations are quite general because the two samples are in different thermal and operational conditions. It can be observed that for the range of gate voltages considered here, transitions are more likely from the first excited subband since the envelope wave function of this subband 1 (z) extends deeper into the oxide than the ground subband. As a consequence, the product of the overlap integral and N 1 is more important than the same magnitude calculated for the ground subband. As can be observed in Figs. 12 and 13, both time constants are quite similar, being separated by a factor of less than 2. It has been verified that time constants for higher subbands are much greater than those shown.
At this point, an interesting question can be raised. According to the calculation presented in this paper, each subband contributes with its own time constant, so if more than one subband participated, more than one time constant should be assigned to the up and down times of a RTS or, at least, and what is more likely to occur, a nonexponential distribution of times should appear. However, Figs. 12 and 13 show that these time constants are very close to each other. Thus, if both time constants were looked for, it would have been very difficult to separate them in the time constant histogram. Therefore, it would be quite possible for an almost perfect exponential distribution of times to be obtained, and it would appear no different from a process with only one averaged characteristic time, as has happened until now. We can also justify why the first comparisons were done considering only one subband. First, it is clear from Figs. 12 and 13 that the change in the trap parameters obtained by fitting from numerical results for ground and first excited subbands is unimportant. Of course, the two numerical results could be averaged, but that would not have given additional information, above all since there are not enough data about the experimental exponential distributions used to calculate the time constant. Moreover, depending on the average interval during the RTS measurements, the experimental results could eventually change.
VII. CONCLUSIONS
In this paper, a two-dimensional treatment of the capture and emission processes by neutral near-interface traps is presented. Multiphonon emission, tunnel transition, and Coulomb barrier effects have been combined to obtain expressions for the RTS time constants, where the contribution of each parameter can be easily explained. Numerically, solving Poisson and Schrödinger equations in a MOS structure has allowed us to obtain the information necessary to explain the different aspects involved in this phenomenon, which had not been done until now. The proposed numerical procedure has let us identify the contribution of the characteristics for each trap ͑energy depth, distance to the interface, and coupling factor͒ in the thermal and gate-voltage dependencies of the capture and emission times of RTS.
Our theoretical results have been successfully compared with different experimental data, showing good agreement for thermal and gate-voltage dependencies. When both experimental dependencies are available, comparisons with our results provide information about the trap, such as energy level and distance to the interface. In this case, the HuangRhys factor, which accounts for the electron-phonon coupling strength, is also fixed in the calculation. We have been able to determine that the trap distance to the interface is reduced from previous estimations since surface potential and Coulomb energy gate-voltage dependencies have been included. Therefore, it seems clear that trap distance estimations made with data in the weak and moderate inversion regimen are considerably overestimated.
Given the single transition character of this process, we have calculated time constants for each subband in the MOS inversion channel. According to our calculations, the ground and first excited subbands are the most important contributors to the RTS, with similar up and down times. This fact, apart from the similar values of the two time constants could explain why they have not been found.
To sum up, the quasi-two-dimensional behavior of electrons in the inversion layer lead us to believe that the treatment that has been developed in this paper could be a more realistic approach to explain this phenomenon. 
